Sodium dodecyl sulfate electrophoresis (SDS) is a protein separation technique widely used, for example, prior to immunoblotting. Samples are usually prepared in a buffer containing both high concentrations of reducers and high concentrations of SDS. This conjunction renders the samples incompatible with common protein assays. By chelating the SDS, cyclodextrins make the use of simple, dye-based colorimetric assays possible. In this paper, we describe the optimization of the assay, focussing on the cyclodextrin/SDS ratio and the use of commercial assay reagents. The adaptation of the assay to a microplate format and using other detergent-containing conventional extraction buffers is also described.
Introduction
Determination of protein concentration is one of most common assays used in biochemistry. The most commonly used protein assays belong to two families. In the first family (copper based methods), the biuret reaction is used to detect the presence of peptide bonds. In this reaction, Cu(II) is reduced to Cu(I) by peptide bonds in strongly alkaline conditions. The resulting Cu(I), the amount being proportional to the amount of peptide bonds, is then measured either by reduction of Folin-Ciocalteu's reagent [1] , or by the formation of a colored complex with bicinchoninic acid [2] .
The second family of methods (dye-binding methods) is based on the ability of proteins to bind to certain dyes and to induce an absorption shift in the dyes. The most common method uses Coomassie blue as the dye [3] , but metal-dye complexes, such as pyrocatechol-molybdate [4] or pyrogallol red-molybdate [5] have also been used for protein assays.
The chemical bases of these two methods, in turn, determine the chemicals that will interfere with the protein assay.
On the one hand, as the copper-based methods rely on the reduction of Cu(II) to Cu(I), reducers present in the sample will induce a strong interference by reducing copper, even in the absence of any protein. Such reducers include those naturally present in the sample (e.g. a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Reagents
Alpha-cyclodextrin (e.g. Sigma, catalog number #28705) was dissolved at 125mg/ml in ultrapure water. Beta-cyclodextrin (e.g. Alfa, catalog number # A14529) was dissolved at 15mg/ml in ultrapure water. Dissolution was facilitated by warming the water prior to adding it to the cyclodextrin powder.
Bradford reagent. A commercial concentrate (Bio Rad, catalog number #500-0006) was used. This reagent was diluted 5-fold in water to prepare a working reagent comparable to other commercial Bradford reagents. For some experiments, a semi-concentrated (2 x strength) reagent was prepared by adding 20 ml of the commercial concentrate to 30 ml of ultrapure water.
Protein standards. Bovine serum albumin (Sigma, catalog number #A6003), hen conalbumin (Sigma, catalog number #C0755), soybean trypsin inhibitor (Sigma, catalog number #93620) and hen lysozyme (Sigma, catalog number #62971) were each dissolved at 10 mg/ml in ultrapure water. To mimic the situation prevailing in SDS electrophoresis, the standards were further diluted at the adequate protein concentration in SDS sample buffer (2% (w/v) SDS, 5% (v/v) beta mercaptoethanol, 10% (v/v) glycerol and 62.5 mM Tris-HCl buffer pH 6.8) using a 2x concentrated stock buffer. To mimic the situation prevailing in RIPA extraction, the standards were further diluted at the adequate protein concentration in RIPA buffer (1% (v/v) IGEPAL 630, 0.5% sodium deoxycholate, 0.1% SDS, 150mM sodium chloride and 50 mM Tris-HCl buffer, pH 8.0) using a 2x concentrated stock buffer. Serial dilutions were used so that the various amounts of standards needed to build the dose-response curves were obtained at fixed sample volumes.
Methods
Protein assay in cuvette format. A complete protein assay reagent was prepared by mixing the required volume of cyclodextrins with commercial, normal strength Bradford reagent (usually 10-50μl of concentrated cyclodextrin solution per ml of Bradford reagent, see Results section).
For each point of the assay, 1 ml of this reagent was pipetted in a 1.5 ml or 2 ml polypropylene centrifuge tube. Aliquots of the sample (5 or 10 μl in water, SDS buffer or RIPA buffer) were then added and the contents mixed by several inversions of the tube. The color was let to develop for at least 5 minutes at room temperature, and the absorbance was read at 595 nm. A zero tube (using buffer only) was performed, and the spectrophotometer blank was obtained with ultrapure water.
Protein assay in microplate format. Flat bottom, polystyrene 96-well plates were used. The complete protein assay reagent contained a higher amount of cyclodextrins (up to approximately 90 μl of the concentrated cyclodextrin solution per ml of Bradford reagent; see Results section). 250 μl of this reagent was pipetted into each well, and 5 or 10 μl of the protein sample (in water, SDS buffer or RIPA buffer) was then added. The contents of each well were mixed by repeated pipetting. The color was left to develop for at least 5 minutes at room temperature, and the absorbance was then read at 595 nm. A zero tube using buffer only was performed, and the plate reader blank was obtained against air.
Complex samples. RAW264.7 cells were grown in RPMI1640 medium supplemented with 10% fetal bovine serum. The cells were harvested by scraping them from the culture medium, then collected by centrifugation at 100 g for 5 minutes, and rinsed twice with PBS. The volume of the cell pellet was then estimated, and the protein extracted by ten equivalent volumes of extraction solution. Different extraction solutions were tested as follows: i) urea extraction solution: 7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Spermine base, 60 mM HCl and 5 mM tris-carboxyethyl phosphine (TCEP). After extraction at room temperature for 1 hour, the extract was centrifuged at 15000 g for 15 minutes at 20˚C. The supernatant was then collected.
ii) native extraction solution: 10 mM Hepes-NaOH (pH 7.5), 2 mM MgCl 2 , 50 mM KCl and 0.1% 3-[tetradecyl dimethylammonio]-1-propanesulfonate (SB 3-14). After extraction for 30 minutes on ice, the extract was centrifuged at 15,000 g for 15 minutes at 4˚C. The supernatant was then collected.
iii) RIPA buffer: the cell pellet was extracted with RIPA buffer (see above) on ice for 30 minutes. The extract was centrifuged at 15,000 g for 15 minutes at 4˚C. The supernatant was then collected.
iv) SDS buffer: samples were extracted with SDS buffer (see above), denatured at 70˚C for 30 minutes and then centrifuged at 15,000 g for 15 minutes at room temperature. The viscous supernatant was collected and sheared by repeated passage through a 0.8-mm diameter syringe needle.
Protein assay: the protein concentration of the extracts was determined using the Bradford assay after appropriate dilution (5-or 10-fold dilution) in the corresponding extraction buffer to fit the linear part of the standard.
Urea and native extracts: 5 μl of diluted extract in 1 ml of Bradford reagent. SDS extracts: 10 μl of diluted extract in 1 ml of Bradford reagent containing alpha-cyclodextrin at 2.5 mg/ml.
RIPA extracts: 10 μl of diluted extract in 1 ml Bradford reagent containing alpha-cyclodextrin at 5 mg/ml. SDS electrophoresis: The samples obtained from RAW 264 cells were diluted at 1 mg/ml (as determined by the protein assays) in SDS sample buffer to which bromophenol blue had been previously added (0.004% w/v). Samples extracted under conditions (ii) and (iii) were denatured at 70˚C for 30 minutes prior to use; this step was omitted for samples extracted under conditions (i) and (iv). Protein samples (20 or 40 μg) were loaded on top of a large 10% acrylamide gel (160×200×1.5 mm), operated in the tris-taurine system [20] . The empty wells separating the protein-loaded wells were loaded with an equal volume (40 μl) of SDS sample buffer. After electrophoresis at 12 W/gel and 10˚C, the gels were stained with colloidal Coomassie blue [21] for 24 hours. The resulting image was scanned using a flatbed scanner (Epson perfection V750) with 48-bit color image acquisition. The staining intensity for each lane was determined using ImageJ software (version 10.2).
Results

Classical detergent-containing buffers alter the Bradford protein assay in different ways
The interference of detergents with the Bradford paper has been described since the assay was first published [3] . However, this effect has been investigated for high (in the 0.1-1% w/v range) [3] or very low (in the microgram/ml range) [22] concentrations of detergents. When concentrated protein extracts are available, which is often the case for studies using western blot techniques, the sensitivity of the protein assay allows the use of minute amounts of detergent-containing samples, which do not induce high background interference. To investigate this aspect, the interference of Laemmli-type SDS sample buffer and RIPA buffer was investigated using these buffers at 1 and 10 μl/ml in the final assay in the cuvette format. The results, displayed in Fig 1, show that 10 μl of these detergent-containing buffers produced a high background and a flat response curve, making the assay impossible to conduct. However, the situation was subtler for the lower (1 μl) amount. While the RIPA buffer gave a response curve very similar to the control one, the SDS buffer gave a much flatter response curve, indicative of a low-performance assay as a result. Because of these two phenomena, namely a flat response curve and/or high background, a direct protein assay of samples dissolved in Laemmli-type SDS sample buffer using the Bradford method is not considered to be practical.
Cyclodextrins decrease SDS interference in the Bradford assay
Cyclodextrins are known to form quasi-equimolecular complexes with detergents [17, 19] . It was therefore investigated if formation of this complex could decrease the SDS-induced background in the Bradford assay. The results, displayed in Fig 2A, showed that the addition of alpha-cyclodextrin progressively decreased the SDS-induced background. The background reached control levels at an alpha-cyclodextrin/SDS mass ratio of 5, i.e. a molar ratio of 1.46, which is close to the 1.2 value reported in the literature [17, 19] . However, experiments showed that simple background ablation was not sufficient to restore the assay performance, as shown in Fig 2B and Table 1 . At a low alpha-cyclodextrin/SDS molar ratio (<2), the response curve was much flatter than in a standard assay. However, a normal response curve was restored at higher alpha-cyclodextrin/SDS molar ratios (!3). . Blue: assay with 1 μl of Laemmli-type SDS buffer (2% SDS and 5% mercaptoethanol)/ml of assay mixture. Purple: assay with 10 μl of Laemmli-type SDS buffer (2% SDS and 5% mercaptoethanol)/ml of assay mixture. Orange: assay with 1 μl of RIPA buffer (1% Igepal, 0.5% deoxycholate and 0.1% SDS)/ml of assay mixture. Green: assay with 10 μl of RIPA buffer (1% Igepal, 0.5% deoxycholate and 0.1% SDS)/ml of assay mixture. 
Alpha-and beta-cyclodextrin do not have the same efficiency on SDS interference
The different cyclodextrins have different physico-chemical characteristics, as reviewed in [23] . In particular, the size of the internal cavity increases from alpha-to beta-(and then gamma-) cyclodextrins. This means that beta-cyclodextrin should bind detergents more effectively than alpha-cyclodextrin, especially bulky detergents such as those used in the RIPA buffer. However, the Coomassie blue molecule used in the Bradford assay is also partly hydrophobic and may be bound by beta-cyclodextrin. Consequently, this binding may induce the color shift used in the assay. The ability of alpha-and beta-cyclodextrin to induce background in the Bradford assay was investigated.
The results, displayed in Fig 3A, showed that increasing amounts of beta-cyclodextrin induce a progressive increase in the background absorbance in the assay, while alpha-cyclodextrin is basically without effect. Furthermore, as shown in Fig 3B, beta-cyclodextrin produces a flatter response curve compared to the control assay or the assay using alphacyclodextrin; this results in lower performances. The combined use of cyclodextrins and SDS normalizes the protein response in the Bradford assay
The responses curves for different proteins in the Bradford assay are known to be different [24] . These differences are decreased when denaturing treatments are applied to the proteins, either with a base [25] or with urea [22] . The combined effect of SDS (for protein denaturation) and cyclodextrin (to remove SDS interference) was thus investigated using four different proteins. As shown of Fig 4 , the combined use of SDS and cyclodextrin decreases the protein-to-protein variability of the assay, although BSA retained a higher response curve than the other proteins. This means that BSA is probably not the best standard protein to get a response closer to an absolute quantification, as noted in previous papers that suggested the use of ovalbumin [26] . BSA, however, is still a valuable standard for relative quantification.
Use of cyclodextrins for protein assay in the RIPA buffer
The RIPA buffer contains a mix of linear (SDS) and bulky (Igepal/Triton, deoxycholate) detergents, which makes it difficult to use in the Bradford assay. Theoretically, beta-cyclodextrin should be more effective than alpha-cyclodextrin for this buffer, as it is able to bind larger and bulkier molecules. However, as shown in Fig 3, beta-cyclodextrin causes some problems when used in the Bradford assay. As alpha-cyclodextrin is not associated with these problems and is much more water-soluble than beta-cyclodextrin, its use in the protein assay, with the RIPA buffer, was investigated. Preliminary experiments (Table 2) confirmed that low amounts of alpha-cyclodextrin did not remove the detergent-induced background absorbance. However, increasing the alpha-cyclodextrin concentration in the assay to 5 mg/ml or more decreased the background absorbance while retaining an adequate response. This was further verified, as shown in Fig 5, indicating that an assay using alpha-cyclodextrin can be efficiently designed to measure protein concentrations in RIPA buffer.
Adaptation of the cyclodextrin-Bradford assay to the microplate format
As shown in Figs 2 and 5, the efficiency of the assay is linked to the alpha-cyclodextrin/SDS ratio, which must be above a given, empirical value. This is easy to achieve in the cuvette format, where the sample is diluted 100-fold in the Bradford reagent. However, this may be more difficult to achieve in the microplate format where the sample volume must be kept within the 5-10μl range and the reagent volume is reduced to 250 μl. Maintaining the cyclodextrin/SDS ratio may be achieved in one of two ways. The first and easiest technique is to dilute the concentrated alpha-cyclodextrin solution into a normal strength Bradford reagent and to use 250 μl of this complete reagent. The second and more precise method is to use a reagent concentrate and to dilute this with water and the concentrated alpha-cyclodextrin solution to obtain a working reagent that will have the required cyclodextrin concentration and still be normal strength. Both of these methods were investigated and the results are presented in Fig 6. In the case of the Laemmli buffer, the two strategies produced equivalent results, and both sample sizes (5 and 10μl) produced equivalent results when renormalized for protein amount (Fig 6B) .
In the case of the RIPA buffer, a 5-μl sample size is the only practicable one, the assay being completely erratic for the 10 μl sample size. This may be due to the very high cyclodextrin concentration (approximately 20 mg/ml) that is required in this assay.
Practical use for complex samples
For getting a first view of the performances of the assay, a false blind experiment was performed. It consisted in reporting the values obtained for known amounts of BSA on a standard curve obtained from another series of values in a different experiment. The results of this experiment are reported in Table 3 . It shows that the modified versions of the Bradford assay are not more variable than the standard assay.
To go beyond standard proteins into complex cell biology samples, SDS electrophoresis and related techniques (e.g. western blotting) are the most likely techniques able to take advantage of the possibility offered by this assay to measure protein concentrations in Laemmli-type SDS sample buffer and in RIPA buffer, and thus to normalize the amounts loaded onto different gel lanes. To investigate this practical application, a complex cellular sample was used. This sample underwent extraction using one of four different methods. Two of these methods (urea and native) were compatible with a standard assay, while the other two (SDS and RIPA buffers) required the cyclodextrin-containing assay. With each method, the process was conducted twice, beginning with different cell pellets and ending by loading a theoretically identical amount of sample onto the gel. The results are shown in Fig 7. Integration of the staining profile for each line shows that the amounts loaded varied by less than 10%, which appears reasonable for a biochemical technique. After extraction, involving two independent extractions from different cell pellets, the protein extracts were assayed using the standard Bradford assay (urea and native extracts), the Bradford assay in the presence of 2.5 mg/ml alpha-cyclodextrin (cuvette format, 10 μl of sample) for the SDS extract, and the Bradford assay in the presence of 5 mg/ml alpha-cyclodextrin (cuvette format, 10 μl of sample) for the RIPA extract.
Following the protein assays, the indicated amounts of proteins were loaded on top of the gel lanes. The proteins were separated by electrophoresis and the gel stained by Coomassie blue. The values at the bottom of each lane correspond to the integration of the lane profile using Image J software.
As a conclusion, the optimized method for protein assay in the presence of SDS or RIPA buffer is summarized in Tables 4 and 5 .
Discussion
Compared to the initial version of the assay [15] , the modified method reverses the concentration of the reactants. The initial version used a diluted cyclodextrin solution, requiring concentrated Bradford reagent had to be used, which was corrosive and viscous and, therefore, difficult to use. In the present version of the assay, an innocuous, low viscosity, concentrated alpha-cyclodextrin solution is used, in conjunction with any normal strength commercial or laboratory-prepared Bradford reagent. As cyclodextrins remove SDS efficiently, even from proteins [27] , it was anticipated that contact of the sample with the cyclodextrin prior to addition of the Bradford reagent may result in premature SDS removal and thus protein precipitation on the side of the container used for the assay (tube or microplate well). This is why the preparation of a complete cyclodextrin-Bradford reagent has been favored. The high concentration of alpha-cyclodextrin that can be dissolved in the stock solution means that the resulting dilution of the Bradford reagent is negligible and has no consequences for the assay, even using the microplate format.
With regard to the optimal cyclodextrin type, gamma-cyclodextrin was not tested because of its ability to bind proteins [28] . Alpha-cyclodextrin was found to be much more practical to After 5 minutes, read the absorbance at 595 nm. Build the standard curve and use it to determine the protein concentration of the sample(s) of interest. A visual comparison of the sample-containing tubes with the standardcontaining wells prior to absorbance reading is recommended. If the samples blue color is more pronounced than the color of the most concentrated BSA standard, then a further dilution of the sample is to be performed and assayed. This is made possible by the stability time range of the assay (>1 hour) use because of its high water solubility, enabling easy use with limited reagent dilution, and low interference with the assay response curve, provided that the cyclodextrin/detergent ratio was carefully optimized, a dimension that had not been investigated in the previous version of the assay.
Practically speaking, the best protein range for the assay was 2-10 μg protein. This means a protein concentration range of 0.2-1 mg/ml in Laemmli SDS buffer for an assay with a 10-μl sample volume. This range is often reached for total extracts from biological samples. As an example, the RAW264 cell extracts used had a protein concentration of 5-10 mg/ml and required a 10-fold dilution in SDS buffer prior to the assay. As the color develops in 5 minutes and is stable for one hour, any sample that is above the upper linear limit can easily be assayed by further dilution in SDS buffer.
For samples that are below the 0.1 mg/ml protein concentration limit, a 20-μl sample volume can be tolerated if the cyclodextrin concentration in the assay is increased to 5 mg/ml. As shown in Fig 3, this increase does not alter the standard curve. Therefore, it may not be necessary to completely rerun the assay in the case of a single low concentration point, at the expense of a possible minor loss in the accuracy of the assay. It is however recommended to run the assay with a fixed amount of SDS (or RIPA) buffer, especially in the microplate format, to keep the consistency of the assay and to limit variability. Even in duplicates, the coefficient of variation of the assay is usually lower than 5%, both in the cuvette and microplate format, and exactly in the same range for the standard assay without cyclodextrins and the cyclodextrin-containing assay.
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